Spermatotoxic effect of aflatoxin B1 in rat: extrusion of outer dense fibres and associated axonemal microtubule doublets of sperm flagellum 2.1 Introduction
There has been serious concern in the recent past regarding deterioration of human and animal male reproductive health (Sharpe 1992 , Carlsen et al. 1992 , 1993 , Sharpe & Skakkebaek 1993 , Veeramachaneni 2000 , Handelsman 2001 ). The contributory factors for this deterioration have been traced to environmental, industrial and occupational chemicals, therapeutics, dietary toxins, lifestyle factors, etc. (Skakkebaek et al. 1998 , Herath et al. 2004 , Winters et al. 2006 , Slama et al. 2006 , Aruldhas et al. 2006 . Some of the manifestations of this deterioration include oligozoospermia, azoospermia, teratozoospermia, asthenozoospermia and oligo-teratoasthenozoospermia. In these cases there is defective spermatogenesis at the level of the testis and / or incomplete epididymal processing of spermatozoa (Yanagimachi 2005; Sharpe 2006 ). Such spermatozoa are abnormal in morphology and / or motility, which are pathophysiological attributes, and the ejaculates contain these sperm in varying abundance (Sharpe 2006) . This affects not only in vivo reproduction in animals and men but outcomes of in vitro fertilization as well as intracytoplasmic sperm injection. A few reports have shown that such pathological spermatozoa are acquired by the epididymal epithelial cells and processed, suggesting a newer role to epididymal epithelial cells (Seiler et al. 2000 , Sutovsky et al. 2001a , 2001b , Holschbach & Cooper 2002 , Aruldhas et al. 2006 .
Aflatoxins are toxic metabolites of Aspergillus flavus and Aspergillus parasiticus and are naturally occurring contaminants of food. Aflatoxin poisoning is a recurrent public health problem. More than 5 billion people in developing countries worldwide are at risk of chronic exposure to naturally occurring aflatoxin B1 (AFB1), AFB2, AFG1 and AFG2, through contaminated foods (Shephard 2003 , Williams et al. 2004 ) and more so in the tropical regions, where people rely on commodities such as cereals, oilseeds, spices, tree nuts, milk, meat and dried fruits that are potentially contaminated by aflatoxins (Strosnider et al. 2006) . Aflatoxins can produce serious 2 2 health effects including carcinogenesis (Williams et al. 2004 , Preston & Williams, 2005 , Abnet 2007 ), mutagenesis (Wang and Groopman, 1999, Peters & Teel 2003) , growth retardation (Gong et al. 2002 , 2003 , 2004 , Williams et al. 2004 ) and immune suppression (Turner et al. 2003 , Williams et al. 2004 . Although a great deal is known about aflatoxins, little is known about aflatoxin exposure and the resulting health effects in developing countries (Strosnider et al. 2006) . Thus, though male reproductive toxic effects of aflatoxins in humans have not yet been investigated, such an effect can not be eliminated in the light of reports coming from domestic and experimental animals (Faridha et al. 2007 and the references there in) and also a human study correlating aflatoxin content of semen and semen parameters of infertile men (Uriah et al. 2001) .
Our laboratory has been concerned with male reproductive toxicological evaluation for several years and we found disruption of spermatogenesis (Faridha et al. 2006 (Faridha et al. , 2007 and production of defective spermatozoa (Agnes & Akbarsha 2001 , 2003 when Swiss mice were treated with AFB1, the most potent and potentially lethal metabolite. Susceptibility to aflatoxins can differ between test animals (Bennett & Clich 2003) . Therefore, in order to find if the male reproductive toxic effect of AFB1 would differ between species, and if pathophysiological spermatozoa thus produced are ubiquitinated for acquisition by epididymal epithelial principal cells (Seiler et al. 2000 , Sutovsky et al. 2001 a, 2001b , Holschbach & Cooper 2002 , Aruldhas et al. 2006 we repeated the investigation in the Wistar rat. We practiced a single dose (20 μg/kg body weight) at one time point based on the standardization done in our earlier work (Agnes & Akbarsha 2001 , 2003 , Faridha et al. 2006 , 2007 . We found several sperm abnormalities, and most spermatozoa were not motile, as was the case in the mouse (Agnes & Akbarsha 2001 , 2003 . In addition, we found evidence for extrusion of outer dense fibres (ODFs) along with the associated axonemal microtubule doublets from the flagella of more than 10% of the sperm, either at the connecting piece or the mid pieceprincipal piece junction. Though this abnormality has been reported as caused by a few other etiological factors, this is first report to suggest it is due to treatment with a dietary toxin. Transmission electron microcopy evidence points to a link between this sperm pathology and mitochondrial defects, although disruption of cytoskeletal polymeric proteins cannot be excluded. In order to find the viability of spermatozoa, fresh sperm were stained with acridine orange (AO) and ethidium bromide (EB), according to Spector et al. (1997) .
Materials and Methods
Fifty microliters of the dilute semen was transferred using a micropipette to a glass slide and 10 l each of AO (Sigma;100 μg/ml in normal saline, pH 7.4) and EB (Bio-Rad; 100 μg/ml in normal saline, pH 7.4) were added separately, according to Spector et al. (1997) . A cover slip was placed on the drop and the edges were sealed with fingernail polish. Then the smears of sperm, fixed in methanol, were also stained. The preparations were observed in the same microscope, now with epifluorescent attachment. In all cases the images were captured in a Pentium III computer via a Sony DXC-151AP CCD camera (Tokyo, Japan) using Carl-Zeiss Axiovision image-analysis software. In all cases of counts of spermatozoa with morphological abnormalities, 200 randomly selected spermatozoa from each slide were observed and assigned to the categories viz., normal, head-alone and flagellar defect of interest in this study (Mortimer & Mortimer 2005) . The data were expressed as per cent of the total and used to calculate the mean ± standard deviation.
Thin sections of testis and cauda epididymidis, collected from the remaining control and treated rats (five each) perfused with Karnovsky's (1965) 
Results
Unlike the control rats, in which 95  5 % of the sperm had normal morphology ( Fig. 1A) and 94  4 % (concentration 62  6 x10 6 /ml of the diluted cauda epididymidal fluid) made forward progressive motility for an hour and more, in the AFB1-treated rats, as observed in bright field, dark field and / or phase contrast illumination, the sperm concentration was significantly lower (20  4 x10 6 /ml of the diluted cauda epididymidal fluid) and 63  8 % of these sperm had morphological abnormalities. The most predominant sperm abnormality was detachment of head from the flagellum (32  9 % in the treated, as against 3  1 % in the control) ( Fig. 1B) . Red fluorescence of the detached heads indicated these, and several intact spermatozoa, as not viable. In addition, more than 11 1 % of spermatozoa exhibited abrupt narrowing of the flagellum at the mid-piece principal piece junction and subsequent extrusion of ODFs and the associated axonemal mirotubule doublets at these narrow regions, which we did not observe in any of the spermatozoa of control rats. In the earliest appearance, this region measured 1-2 μm long (Fig. 1C, G) but could measure up to 9-10 μm ( Fig.   1D-F, H-O) . The ODFs and the associated axonemal microtubule doublets were extruded from this region in the form of one or more arches, each to various degrees ( Fig. 1G-X) . These spermatozoa did not exhibit forward progressive motility but a few exhibited sideways lashing of the flagellum at the very early stages but, subsequently, the lashing stopped. At more advanced stages the entire fibrous sheath (FS) at the mid piece-principal piece junction was flexed to one side such that all the ODFs and the associated axonemal microtubule doublets flayed out (Fig. 1V) . These manifestations were also present in spermatozoa which were fused in various numbers and to various lengths (Fig. 1S) .
The connecting piece also had this manifestation and, ultimately, ended up with one or more ODFs and the associated microtubule doublets of the axoneme extruding as individual fibres ( Fig. 2A-F) . The observations made of the methanol-fixed sperm stained with Giemsa and unstained sperm viewed with phase contrast illumination were the same as above (not shown).
TEM analysis of spermatozoa in transverse sections through the mid-piece or principal piece revealed that several of them were missing one or more ODFs and the associated axonemal microtubule doublets ( Fig. 3A-D) . In a few sections of the principal piece the ODF-axonemal microtubule doublet complexes were seen between the FS and plasma membrane (Fig. 3D ). In the spermatozoa with normal flagella the mitochondrial sheath (MS) was intact (Fig. 4A ). On the other hand the MS under formation of several elongated spermatids in the seminiferous tubules ( Fig. 4B ) and the cauda epididymidal luminal spermatozoa (Fig. 4C ) of AFB1-treated rats indicated pathological changes of different kinds, the most prevalent being swelling of several mitochondria and their missing, irregular or discontinuous spacing. In the normal spermatozoa the connecting piece (Fig. 5A) as well as midpiece-principal piece junction (annulus) (Fig. 5C ) had the respective characteristic organizations. However, in several abnormal elongated spermatids and differentiated spermatozoa the MS ended abruptly either subjacent to the connecting piece ( Fig. 5B) or ahead of the midpieceprincipal piece junction (Fig. 5D ), resulting in a short length of axoneme at these critical positions, from where the ODF-axonemal microtubule doublets would extrude.
Further, while there was dense accumulation around the striated columns and capitulum of the connecting piece, in several step 15-19 spermatids was not properly developed ( Fig. 5A, B ).
Discussion
Aflatoxins are among the serious food contaminants (Williams et al. 2004 , Strosnider et al. 2006 ) and disruptors of male reproductive structure and function through the dietary route (Egbunike et al. 1980 , Sharlin et al. 1980 , Egbunike 1982 , Hafez et al. 1982 , Ibeh et al. 1994 , Iheh & Saxena 1998 , Agnes & Akbarsha 2001 , 2003 , Faridha et al. 2006 , 2007 . Hoffer 1982 , Oko & Hrudka 1982 , Xue et al. 1983 , Agarwal 1989 , Barth & Oko 1989 , Bhiwgade & Nair 1989 , Swan et al. 1990 ). As the affected spermatozoa travel through the epididymis with structural weakness in the sheath leading to protrusion of axial fibres at this level, accompanied by retraction of the fibres from the parts of the tail below the gap (Oko & Hrudka 1982) . In this case the problem is with the MS which is apparently affected by gossypol (Barth & Oko 1989) , tubulin, vimentin, tektin, septin, spectrin, ankyrin, etc., of flagella (Irons 1983 , Kann et al. 1993 , 1998 , Paranko et al. 1994 , Schalles et al. 1998 , Inaba 2003 , Ihara et al. 2005 , Iida et al. 2006 , Azamar et al. 2007 , Vaid et al. 2007 , Roy et al. 2007 , Toure et al. 2007 , Xiao & Yang 2007 . Aflatoxins are potential culprits that would disrupt cytoskeletal protein dynamics (Koo et al. 1987 , Wirth 1994 , Albertini et al. 1998 . There is indirect evidence for disruption of actin microfilaments at the cytoplasmic bridges connecting male germ cell clones in the mouse (Faridha et al. 2007 ).
In making this observation we adopted several light microscopic techniques in addition to TEM. The application to AO-EB staining has the advantage of revealing not only the morphological abnormalities but also the sperm viability. This technique has been applied for the spermatozoa in two earlier studies, Le Lannou & Blanchard (1988) and Sivashanmugam & Rajalakshmi (1997) Thus, this paper reports extrusion of one or more ODFs and the associated microtubule doublets of the axoneme of AFB1-treated rats at the midpiece-principal piece junction and / or connecting piece; aflatoxin therefore could be a potential risk factor affecting male reproductive health in men in developing countries chronically exposed to aflatoxins through the dietary route. A defective sperm in which the mitochondrial sheath has ended abruptly ahead of the annulus (arrowhead) such that the axoneme is not wrapped around by the mitochondrial sheath (arrow), at the annulus, outside the axoneme. AX, axoneme; FS, fibrous sheath; MS, mitochondrial sheath; NU, nucleus; SC, striated columns. Scale bar 5A, 5B: 0.43µm; 5C, 5D: 0.40 µm.
